Selectins (L, E, and P) are vascular endothelial molecules that play an important role in the recruitment of leukocytes to inflamed tissue. In this regard, P-Selectin glycoprotein-1 (PSGL-1) has been identified as a ligand for P-Selectin. PSGL-1 binds to P-Selectin through the interaction of core-2 O-glycan expressing sialyl Lewis x oligosaccharide and the three tyrosine sulfate residues. Herein, we report the synthesis of threonine-linked core-2 O-glycan as an amino acid building block for the synthesis of PSGL-1. This building block was further incorporated in the Fmoc-assisted solid-phase peptide synthesis to provide a portion of the PSGL-1 glycopeptide.
Introduction
Selectins (L, E, and P) are a family of proteins that mediate the adhesion of leukocytes and platelets to vascular surfaces. 1, 2 They are responsible for the initial steps of extravasation of leukocytes during an inflammatory response by the recognition of the specific carbohydrate-binding ligands. 3 Inhibitors of selectins may act as potential therapeutic reagents targeting diseases such as asthma, psoriasis, rheumatoid arthritis, acute respiratory distress syndrome (ARDS), lupus, cancer metastasis, septic shock, or reperfusion syndrome diseases. 4 Although there are many candidates for selectins as ligands, only P-selectin glycoprotein ligand-1 (PSGL-1) has been demonstrated to mediate the adhesion of leukocytes to endothelial cells. 5 P-Selectin binds to the extreme N-terminal region of PSGL-1 through a properly positioned core-2 O-glycan expressing sialyl Lewis x (sLe x ) oligosaccharide at Thr57 and at least one of the three sulfated tyrosine residues at Tyr46, Tyr48, and Tyr51. 5, 6 It has also been demonstrated that the truncated N-terminal PSGL-1 monomer exhibits high affinity toward P-selectin. 7 Therefore, the development of efficient synthetic methods for the generation of truncated PSGL-1 glycosulfopeptides remains essential both for the study of the structure and function of P-selectin and for the discovery of new anti-inflammatory agents. Leppanen et al. employed a chemoenzymatic method to synthesize a series of glycosulfopeptides and to define the important structural moieties that mediate P-selectin and L-selectin interactions with PSGL-1. 7, 8 Subsequent to that report, a number of efforts have been directed at the synthesis of glycosulfopeptides with only limited success in improving overall reaction efficiency and yield. 9 As a consequence, many investigative groups continue to pursue the synthesis of oligosaccharide components as intermediates in the solid-phase synthesis of a truncated PSGL-1 monomer. 10 In this report, we describe the synthesis of an Fmoc-threonine bearing trisaccharide 1 ( Fig. 1 ) and demonstrate its facile incorporation in solid-phase peptide synthesis. The trisaccharide-linked threonine 1 represents the core-2 O-glycan on which sLe x is to be constructed through a combination of chemical and enzymatic approaches. Sialylation is generally challenging to install chemically, while efficient sialyltransferases have been cloned and are readily available. However, sialyltransferases generally have low efficiency toward a fucosylated Le x structure; therefore, it is more efficient to install fucose enzymatically after sialylation. While installing b-(1?4)-Dgalactose is relatively easier chemically, the highly efficient b-(1?4)-galactosyltransferase is commercially available. The synthesis of a similar Fmoc-threonine bearing core-2 as building block for the peptide synthesis has been previously reported. 12 However, the oligosaccharide component was protected as an O-benzoate that requires more severe basic conditions for removal of the benzoyl protecting groups, thereby rendering them less suitable for use in glycopeptide synthesis. 13 Our intention was to synthesize an appropriate building block where the protecting groups in core-2 are fully compatible with solid-phase peptide synthesis, including cleavage conditions necessary for further enzymatic reactions required to obtain the full-length PSGL-1. Thus, we designed Fmoc-threonine bearing core-2 with acetyl protecting groups 1, as a building block for PSGL-1. In the Fmoc protocol, the iterative removal of the N a -Fmoc group with piperidine, 14 together with the coupling reagents HBTU/HOBt 15 for peptide elongation, can be achieved without affecting the O-acetyl groups of the trisaccharide or inducing b-elimination of the glycan. 16 The use of electron-withdrawing O-acetyl protecting groups stabilizes the glycosidic linkage during TFA cleavage of the peptide from solid support, and the acetyl groups can be subsequently removed by treatment with dilute sodium methoxide in methanol or hydrazine hydrate.
8,17
Results and discussion
The synthesis of 1 commenced with the preparation of donor 5. Condensation of glycosamine hydrochloride with p-anisaldehyde generated an aldimine that was then peracylated to obtain 2.
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The aldimine was hydrolyzed, and the resulting amine 3 was protected with Troc-Cl, generating 4.
19 It was decided to use a thioglycoside for the glycosylation due to its inherent stability and mild reaction conditions. Therefore, the anomeric acetate was selectively converted to thioether 5 20 via reaction with ethanethiol in the presence of BF 3 ÁOEt 2 and 4 Å molecular sieves (Scheme 1).
The synthesis of 10 began from the known galactose derivative 6. 21 Hydrolysis of the acetates, followed by addition of benzaldehyde dimethylacetal in the presence of PTSA, generated the desired benzylidene acetal 7 in an overall yield of 53%. 12 The imidate 8,
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which was generated in two steps from commercially available b-D-galactose pentaacetate, was added to acceptor 7 to smoothly generate the disaccharide 9. Finally, acid hydrolysis of acetal 9 in refluxing acetic acid generated diol 10 in moderate 54% yield along with 28% recovery of 9. All efforts aimed to improve the yield via increasing reaction time led to the hydrolysis of the tert-butyl ester in 10 (Scheme 2). After activation of the donor 5 using N-iodosuccinimide at 0°C, addition to acceptor 10 generated two products, which can be separated by flash chromatography. The first product was the desired trisaccharide 11, and the second product was found to be an undesired tetrasaccharide 11a generated from glycosylation of the donor 5 to both hydroxyl groups in 10. The structure of the trisaccharide 11 was confirmed by the combination of 1D proton and 2D gCOSY, TOCSY, gHSQC, gHMBC, and NOESY NMR spectra. In the gHMBC NMR spectrum of 11 (see Supplementary data), the cross-peaks from 101.3 ppm (C-1 of the glucosamine residue, A-C1) and 4.02 ppm (H-6 of the galactosamine residue, B-H6) and from 4.70 ppm (H-1 of the glucosamine residue, A-H1) and 69.5 ppm (C-6 of the galactosamine residue, B-C6), suggest that the O-6 of the galactosamine residue is glycosylated. The (1?6)-linkage between the galactosamine and the glucosamine was further confirmed by the NOESY spectrum, which displayed a cross-peak between H-1 of the glucosamine residue and H-6 of the galactosamine residue. The combination of these 2D NMR analyses allowed the complete structural assignment of 11 which is listed in Table 1 . Next, the trisaccharide 11 was acetylated with acetic anhydride in pyridine in the presence of catalytic DMAP, and the acetylated derivative was subsequently taken to the Troc deprotection step. Thus, addition of freshly activated zinc dust in the presence of acetic anhydride as a solvent reduced both the azide and NH-Troc group along with concomitant protection of both amines as corresponding acetates to generate 12 in an overall yield of 47%. Finally, hydrolysis of the tert-butyl ester on the threonine residue 12 was accomplished by treatment with trifluoroacetic acid in dichloromethane at room temperature affording the trisaccharide-linked threonine 1 in 72% yield (Scheme 3). Next, we investigated the incorporation of the trisaccharidelinked threonine residue 1 into an Fmoc-based SPPS strategy using a Rink amide functionalized resin. The iterative amino acid coupling using the HBTU/HOBt method provided the glycosylated peptide 13 on solid support. Subsequent treatment of 13 with 9.5:0.2:0.2:0.1 TFA-EDT-TES-H 2 O cleaved the peptide from resin without damaging the glycan. These conditions also cleaved the tert-butyl ester and trityl protecting groups, thereby, yielding the desired glycopeptide 14 (Scheme 4) in 50% yield (determined by HPLC). Product 14 was characterized by MALDI-TOFMS and reversed-phase HPLC, both of which confirmed the expected glycopeptide. The second product 14a (43% yield determined HPLC) was identified as a variant of glycopeptide 14 in which the C-terminal cysteine underwent a disulfide linkage with ethanedithiol, the reagent used in the final cleavage step of glycopeptide 14 from the resin. 23, 24 In summary, the Fmoc-threonine bearing core-2 O-glycan 1 was successfully synthesized, and the GlcNAcb1,6-Gal NAc linkage was verified by 2D NMR methods. This building block can be readily incorporated into solid-phase peptide synthesis to provide a portion of the PSGL-1 glycopeptide that can be further modified by chemoenzymatic means to obtain the full-length PSGL-1.
Experimental

General
All reagents were purchased from commercial sources and used as received, unless otherwise indicated. All solvents were dried and distilled by standard protocols. All reactions were performed under an inert atmosphere of argon or nitrogen, unless otherwise indicated. For peptide synthesis, Rink amide resin (resin loading: 0.4 mmol/g), DMF (Biotech grade), and piperidine were purchased from Novabiochem. HOBt, PyBOP, and all Fmoc-protected amino acids were purchased from Peptides International.
1 H and 13 C NMR spectra were recorded with an Inova 600-MHz spectrometer. High-resolution ESI-Mass spectra (HRESIMS) were recorded by The Emory University Mass Spectrometry Center using a JEOL JMS-SX102 instrument. Optical rotation values were recorded using a Perkin-Elmer polarimeter.
Preparation of 1,3,4,6-tetra-O-acetyl-2-deoxy-2-pmethoxybenzylidineamino-b-D-glucopyranose (2)
Glucosamine hydrochloride (5 g, 23.3 mmol) was dissolved in 24 mL of 1 M aq NaOH to give a colorless solution. p-Anisaldehyde (2.85 mL, 23.3 mmol) was added by syringe under intense stirring, to form a turbid solution. After several min of agitation a white precipitate was formed. The system was kept in an ice bath for 1 h to ensure complete precipitation. The solid was then collected by filtration and washed with water (2 Â 20 mL) and a mixture of 1:1 MeOH-Et 2 O (2 Â 20 mL). The precipitate was dried under vacuum to yield 2-deoxy-p-methoxybenzylidineamino-D-glucopyranose (4.93 g, 71%) as a white solid. The precipitate was dissolved in 27 mL of pyridine and cooled to 0°C. To this was added catalytic DMAP (50 mg, 4.1 mmol) and Ac 2 O (15 mL, 157.7 mmol). The solid slowly went into solution, and the reaction mixture was left at room temperature overnight. The starting material dissolved slowly over time to give a clear solution. After 16 h, the reaction mixture was poured into ice forming a white crystalline solid. The crystals were collected by filtration, washed with water (2 Â 10 mL) and ether (2 Â 10 mL), and dried under vacuum to afford the title compound 2 18 (6.21 g, 80%) as a white crystalline solid. The NMR data for 2 matched those previously reported. Compound 2 (5 g, 10.8 mmol) was dissolved in 25 mL of refluxing acetone, and to this solution was added dropwise 2.5 mL of 5 N HCl. After 30 min, a thick white precipitate formed, and the system was cooled to room temperature. The precipitate was filtered and washed with acetone (10 mL) and ether (2 Â 25 mL Compound 4 (1.68 g, 3.45 mmol) was dissolved in dichloromethane (10 mL), and 4 Å molecular sieves (1.6 g) were added. The reaction mixture was cooled to À10°C, to which ethanethiol (0.51 mL, 6.9 mmol) and BF 3 ÁEt 2 O (0.87 mL, 6.9 mmol) were added in succession. After stirring at room temperature for 2 h, the suspension was filtered with Celite, washed with satd aq NaHCO 3 (10 mL), and concentrated under reduced pressure. The resulting oil was purified by chromatography over silica gel (1:1 EtOAc-hexanes) to yield 5 20 (1.37 g, 80%) as a white foam. The NMR data for 5 matched those previously reported. 20 
Preparation of N a -(fluoren-9-ylmethoxycarbonyl)-O-(2-azido-4,6-O-benzylidine-2-deoxy-a-D-galactopyranosyl)-Lthreonine tert-butyl ester (7)
The galactose derivative 6 (2.99 g, 0.84 mmol) was dissolved in MeOH (84 mL), and the flask was flushed with argon. To this solution was added a freshly prepared 1 M NaOMe solution in MeOH (1 mL). The reaction mixture was stirred at room temperature for 3 h. Upon completion of the reaction the mixture was neutralized with Amberlite IR-120 (H + ) resin. The reaction mixture was filtered through Celite, and the solvent was removed under reduced pressure to afford the crude diol. The diol was redissolved in nitromethane (70 mL), and flushed with argon. Benzaldehyde dimethyl acetal (1.27 mL, 8.42 mmol) was added, followed by PTSA (0.12 g, 0.63 mmol). The reaction mixture was stirred for 2 h, neutralized with TEA, azeotroped with toluene, and dried. Column chromatography on silica gel (1:5 acetone-toluene) gave acetal 7 12 (103 mg, 53%) as a white foam. The NMR data for 7 matched those previously reported. 12 
Preparation of 2,3,4,6-tetra-O-acetyl-D-galactopyranosyl trichloroacetimidate (8)
Galactose pentaacetate (0.20 g, 0.51 mmol) was dissolved in DMF (2 mL) and flushed with argon, hydrazine acetate (0.047 g, 0.51 mmol) was added, and the reaction was monitored by TLC. Upon completion, the reaction mixture was diluted with EtOAc (25 mL) and washed with water (10 mL). The EtOAc layer was dried and concentrated under reduced pressure to give a yellow residue (140 mg). This was subsequently dissolved in anhyd CH 2 Cl 2 (2 mL) and flushed with argon. To this solution were added K 2 CO 3 (0.081 g, 0.59 mmol) and trichloroacetonitrile (0.11 mL, 1.11 mmol). The reaction mixture was stirred at room temperature for 8 h. Upon completion, the mixture was filtered through Celite and concentrated. Subsequent purification by chromatography on silica gel (1: 
Preparation of N
Trichloroacetimidate 8 (42.7 mg, 0.087 mmol), acceptor derivative 7 (36.5 mg, 0.054 mmol), and freshly activated 4 Å molecular sieves (150 mg) were added together. The solids were dissolved in CH 2 Cl 2 (2 mL), flushed with argon, and stirred for 2 h at 0°C. TMSOTf (2 lL, 8.7 lmol) was added dropwise. The reaction mixture was stirred at 0°C for 1 h, and then quenched with Hunig's base (diisopropylethylamine, DIEA). The reaction mixture was filtered through Celite, concentrated, and dried. Column chromatography on silica gel (1:5 acetone-toluene) afforded the disaccharide 9 12 (30 mg, 61%) as a clear oil. The NMR data for 9 matched those previously reported. 12 Benzylidene acetal 9 (2.45 g, 2.44 mmol) was dissolved in a mixture of HOAc (88 mL) and H 2 O (22 mL) and stirred at 80°C for 2 h. The reaction mixture was cooled to room temperature and azeotroped with toluene (2 Â 45 mL). The combined organic layer was dried, concentrated, and purified by chromatography over silica gel (1:1 EtOAc-hexanes) to afford the diol 10 12 (54 mg, 54%) as a white amorphous solid. The NMR data for 10 matched those previously reported. 12 
Donor 5 (130 mg, 0.24 mmol) and acceptor 10 (180 mg, 0.20 mmol) were mixed with freshly activated 4 Å molecular sieves (500 mg). The reaction mixture was suspended in CH 2 Cl 2 (8.0 mL) and stirred at room temperature for 2 h, then cooled to 0°C. NIodosuccinimide (0.09 g, 0.40 mmol) was added, and the suspension was stirred for 15 min. Trifluoromethanesulfonic acid (3.5 lL, 0.04 mmol) was added, and stirring was continued overnight at room temperature. After 12 h, the reaction mixture was filtered through Celite into an aqueous solution of sodium thiosulfate with disappearance of the dark red color as the solution became colorless. The organic phase was separated, dried, and concentrated under reduced pressure. Subsequent purification by chromatography over silica gel (3:2 EtOAc-hexane), afforded the desired trisaccharide 11 (142 mg, 51% yield) and tetrasaccharide 11a (53 mg, 19% yield). ½a 
The trisaccharide 11 (61 mg, 0.04 mmol) was dissolved in 3:2:1 THF-AcOH-Ac 2 O (10 mL). Zinc powder (1 g) activated in 2% aq CuSO 4 was added, and the reaction mixture was stirred at room temperature for 1 h. The solid was filtered off through a pad of Celite, and the residue was diluted with CH 2 Cl 2 , and then filtered through a pad of Celite. The CH 2 Cl 2 layer was subsequently washed with 10% aq HCl (25 mL), collected, and dried over anhyd Na 2 SO 4 . The solvents were removed under reduced pressure, and the residue was subsequently dissolved in pyridine (1 mL) and cooled to 0°C. Excess Ac 2 O (3 mL) was added to this solution, followed by the addition of a catalytic amount of DMAP (10 mg). The reaction mixture was allowed to warm to room temperature and stir for an additional 3 h. After 3 h the solvents were removed under reduced pressure, and the resulting oil was purified by column chromatography (6:1 EtOAc-hexanes) over silica gel to yield 12 as a white amorphous solid (34 mg, 54% 
The protected trisaccharide 12 (27 mg) was dissolved in CH 2 Cl 2 (4 mL) and cooled to 0°C. Trifluoroacetic acid (2 mL) was added, and the reaction mixture was allowed to warm slowly to room temperature. After 2 h the solvent was concentrated under reduced pressure, and the residue was loaded onto a reversed-phase HPLC column with gradient eluting from 70:30 to 30:70 of H 2 O-CH 3 CN at a flow rate of 6 mL/min. The fraction eluting at a retention time of 58 min was collected and concentrated under reduced pressure to obtain 1 as a white amorphous solid (19 mg, 72% yield). ½a 
Glycopeptide 14
The peptide 14 was synthesized manually on a Rink amide resin using a standard Fmoc amino acid coupling strategy. Briefly, FmocCys-Rink-amide resin (0.4 mg, 0.5 mmol/g) was loaded into a poly- 
